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Summary

Alpha-synuclein is a 14.4 kDa protein found in neurons. Though little is known about the 
physiological role of this protein, it has been clinically associated with diseases with Lewy 
body pathology, like Parkinson’s disease and dementia with Lewy bodies. Misfolded and 
aggregated form of alpha-synuclein is the main constituent of Lewy bodies. Pathological 
conditions like oxidative stress and the resultant lipid peroxidation and oxidative nitration are 
believed to be the triggering factors that modify the protein, making it aggregation prone and 
thereby leading to disease etiology. However, the exact mechanism as to how the aggregation 
takes place is not yet known. 4-hydroxy-2-nonenal (HNE) is a product of lipid peroxidation 
and studies have shown that certain brain areas of patients with Parkinson’s disease have an 
increased level of HNE-modified proteins. Thus, in this study I investigated whether there 
was any HNE-modified alpha-synuclein in alpha-synuclein overexpressing human 
neuroblastoma cells called SH-SY5Y cells that were subjected to oxidative stress. I tried to 
immunoprecipitate all HNE modified proteins and then looked specifically for alpha-
synuclein. Though alpha-synuclein bands were observed, there was ambiguity in the results 
due to a lack of specificity of the HNE antibodies.

Also, based on earlier studies where the actin severing gelsolin protein was found to be part of 
the Lewy bodies, I tried to find if there was any co localization between gelsolin and alpha-
synuclein. For this study I differentiated A53T alpha-synuclein overexpressing neuroblastoma 
cells (SH-SY5Y cells) to nerve cells in order to induce formation of alpha-synuclein inclusion 
bodies. It was observed that gelsolin co-localized with alpha-synuclein in a subset of these 
inclusions. Further, an in vitro aggregation study was done with alpha-synuclein together with 
gelsolin. It was observed that gelsolin together with alpha-synuclein promoted aggregation to 
a great extent. However, this was only observed in the presence of calcium suggesting that 
under certain conditions gelsolin can promote alpha-synuclein aggregation. Thus, there is a 
need to further study the role of calcium in aggregation of alpha-synuclein and also it would 
be informative to see what part of gelsolin promotes aggregation. It would also be of 
therapeutic importance to study if gelsolin has a similar effect on alpha-synuclein in vivo.
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Abbreviations

Aβ Amyloid beta protein
DAPI 4,6-diamidino-2-phenylindole
DMEM Dulbecco’s modified eagle medium
ELISA Enzyme linked immunosorbent assay
HNE 4-Hydroxy 2-nonenal
HRP Horse radish peroxidise
LRRK2 Leucine rich repeat kinase 2
NAC Non amyloid beta component
ONE 4-oxo-2-nonenal
PBS Phosphate buffered saline
PFA Paraformaldehyde
PIC protease inhibitor cocktail
PUFA Poly unsaturated fatty acid
PVDF Polyvinylidene fluoride
SEC HPLC Size exclusion-high performance liquid chromatography
TBS Tris buffered saline
ThT Thioflavin-T
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Introduction

Alpha-synuclein is known to be clinically significant and involved in a group of diseases 
commonly called synucleopathies. Synucleopathies include neurological disorders like 
Parkinson’s disease, dementia with Lewy bodies and multiple system atrophy. In all these 
neurological disorders aggregated forms of alpha-synuclein are found in the neuronal, 
intracytoplasmic inclusions called Lewy bodies26, 27. The biochemical mechanisms that lead to 
aggregation of the protein remain unclear. The functional role of this protein in normal 
neuronal cells is also not yet clear, and studies so far suggest that it could have a chaperone-
like function in soluble NSF attachment protein receptor (SNARE) complex formation, which 
is known to mediate vesicle fusion in the cell. Considering its location in the presynapse, it is 
being speculated that this protein could be involved in vesicular regulation3. 

Alpha-synuclein

Alpha-synuclein was first identified in plaques found in Alzheimer’s disease. These plaques 
are generally composed of amyloid beta (Aβ) protein. Since the protein identified was a non-
Aβ-protein, it was called the non-Aβ component (NAC) of Alzheimer’s disease29. Further 
probing has lead to the identification of a 140 amino acid protein, abundant in brain cells. 
This protein was called alpha-synuclein29, 11. It has been implicated that alpha-synuclein exists 
in the cell in two pools - in the cytoplasm and in association with the vesicular and plasma
membrane11, 19, 15. Spectroscopic and electrophoretic studies have been done on alpha-
synuclein showing it to have characteristic properties of a natively unfolded protein. Alpha-
synuclein was inferred as an elongated, randomly coiled protein that binds to micelles 32.

When it comes to aggregation of alpha-synuclein, studies with Thioflavin T (ThT) – a dye 
that exhibits a red shift in its emission spectrum upon binding to beta sheet structures present 
in amyloid like protein aggregates – were done. ThT fluorescence studies have shown that 
alpha-synuclein rapidly forms fibrils. The process involves a lag phase and then an 
exponential phase, typical of nucleation polymerization process30. The credential for rapid 
fibril formation by alpha-synuclein goes to the hydrophobic core region and specifically to 12 
amino acids in the middle of this region. The absence of these 12 amino acids in another 
protein in the synuclein family called β-synuclein makes it incapable of forming fibrils6.

Alpha-synuclein and Parkinson’s disease

Parkinson’s disease is characterized by motor system disorders as a result of loss of dopamine 
producing cells in the brain. Initially, the etiology of Parkinson’s disease was not known and 
it was considered to be a sporadic disease that was not inherited. Later it was identified that 
some cases of Parkinson’s disease were not sporadic but were familial. Though the familial 
cases reported were very few when compared to those of sporadic cases, these cases have 
strongly contributed to the finding that proteins like leucine-rich repeat kinase 2 (LRRK2), 
parkin and alpha-synuclein that contribute to disease etiology34. In case of alpha-synuclein 
protein, the familial cases that were reported were found to contain mutations in the gene 
encoding the alpha synuclein protein. The mutations in the alpha-synuclein protein were 
A30P, E46K and A53T, meaning that the alanine in position 30 is replaced by proline, 
glutamic acid in position 46 is replaced by lysine and alanine in position 53 is replaced by 
threonine respectively. Furthermore, it was observed that these mutations increased the risk of 
early onset of the disease22, 13, 38. In addition to these three point mutations, duplications and 
triplications of the wild type alpha-synuclein gene were found to increase the risk of early 
onset of the disease4. When in vitro aggregation studies were performed using different 
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concentrations of the two mutant alpha-synuclein protein (A30P, A53T) and wild type 
protein, it was noted that the A53T mutant protein aggregated rapidly in comparison to the 
other two. It was also noted that the A53T mutant protein aggregated when present in lower 
concentrations than the other two proteins2. This suggests that mere overexpression of the 
alpha-synuclein protein, especially the A53T mutant form, could lead to increased 
aggregation of the protein. Alpha-synuclein overexpressing cell lines thus have been the 
choice for many research projects as an experimental model.

Possible mechanisms of alpha-synuclein aggregation

Though it has been clear that mutations in the alpha-synuclein gene and increase in the gene 
dosage are possible explanations for familial Parkinson’s disease, the pathway from cause 
(mutation) to effect (Lewy body formation and symptoms of Parkinson’s disease) has not yet 
been established. When it comes to sporadic cases of Parkinson’s disease, many 
investigations have been carried out to establish the cause that triggers alpha-synuclein 
aggregation. The different factors that have been studied in vitro and found to have 
mechanistic relation to aggregation of alpha-synuclein protein and thereby possibly causing 
Parkinson’s disease are: 

1) Oxidative injury and nitration of protein31.

2) Oxidative stress and increased concentration of metals that in turn interact with alpha-
synuclein31. 
3) Exposure to pesticides31.
4) Association of proteosomal-cleaved alpha-synuclein with full length protein18.

5) Oxidative stress and formation of 4-hydroxy-2-nonenal (HNE) and its interaction with 
alpha-synuclein23.

Oxidative stress, lipid peroxidation and alpha-synuclein

Oxidative stress is a condition where the redox environment is disturbed and there is an 
imbalance in the system between the amounts of pro-oxidants and antioxidants. In this 
condition there is a considerable amount of oxidative damage to the cellular lipids, proteins 
and DNA. Increase in susceptibility to oxidative stress with aging has been implicated. Also, 
the human brain has very low levels of antioxidant defence mechanisms in relation to the 
amount of oxygen that it utilizes. This makes the brain more vulnerable to oxidative stress. 

Lipid peroxidation is one of the events that is associated with oxidative stress. Lipid 
peroxidation is a process where free radicals remove hydrogen atoms from lipids, especially 
polyunsaturated fatty acids (PUFAs), resulting in the formation of lipid radicals that react 
with oxygen molecules to form lipid peroxyls. The lipid peroxyls in turn abstract hydrogen 
from neighbouring fatty acids to form lipid hydroperoxides and additional lipid radicals that 
continue the chain of reactions. The lipid hydroperoxides formed in the process break down to 
aldehydes like malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE) in presence of 
copper or iron ions8 (fig. 1).  The aldehydes in turn can modify proteins. For instance, HNE 
reacts with amino acids like histidine, lysine and cysteine either by Schiff-base formation or 
Michael addition, thereby modifying the structure and function of the affected protein 25 (see 
fig 2).
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Fig 1. Lipid peroxidation reactions during oxidative stress. In the figure PUFA implies polyunsaturated fatty 
acids and O2 implies oxygen.

There have been studies indicating that oxidative stress in the neurons of the substantia nigra 
lead to increased lipid peroxidation and decrease in the concentration of enzymes that remove 
free radicals from the brain. The oxidative damage is thus thought to be involved in increasing 
the risk of Parkinson’s disease 7.  Some more evidence comes from a study where a nitrated 
form of alpha-synuclein was identified in sections of human PD brain with Lewy body 
inclusions 5. Nitrated forms of proteins are resultant of oxidative stress conditions where 
nitrating agents like peroxynitrite are formed by reaction between oxygen radicals and nitric 
oxide. A phenomenon of increased HNE-modified proteins has been identified in the 
substantia nigra region of PD patients37. However, there is no direct evidence of HNE-
modified alpha-synuclein in vivo. In vitro aggregation studies of alpha-synuclein together 
with HNE and a structurally similar aldehyde, 4-oxo-2-nonenal (ONE), have shown that the 
aldehydes promote the formation of neurotoxic alpha-synuclein oligomers23, 20. It would be of 
interest to see if there is similar effect of HNE on alpha-synuclein aggregation in vivo, as lipid 
peroxidation is a natural phenomenon in aging brain and could be a possible explanation for 
aggregation of alpha-synuclein. 
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Fig 2: Structure of HNE and its possible sites of Schiff base formation and Michael addition

Clinical significance of gelsolin protein

Gelsolin is an 86 kDa protein that is involved in severing and capping the cytoskeletal protein 
actin. It is present intracellularly in the cytoplasm of all cells, as well as in the plasma. Actin 
is an important protein whose polymerization and depolymerisation is very much needed for 
cell growth, division and cell death. Gelsolin helps in depolymerising actin polymers that
otherwise are crosslinked, giving gel like consistency to the cytosol. Gelsolin breaks these 
crosslinks and increases cytosolic fluidity (sol). It is because of this function that it got its 
name36. Gelsolin is made up of two homologous segments, each consisting of 3 domains. The 
segment towards the N-terminal end is calcium-independent and involved in severing and 
capping functions of actin while the other half is a regulatory segment that is dependent on 
calcium28. 

Gelsolin is an interesting protein that has been in focus recently in the field of geriatrics. It has 
been studied a lot in relation with the Aβ protein, which is the main component of the 
extracellular amyloid plaques characteristically found in Alzheimer’s disease. An interesting 
in vitro study was performed where gelsolin was shown to prevent fibrillation of Aβ. Not only 
could it prevent fibrillation, it could also break down preformed fibrils in a time-dependent 
manner upon incubation for a few days24. Further studies in vivo, in a double-transgenic 
APP/Ps1 mouse model, showed that overexpression of gelsolin decreased the Aβ burden in 
the mouse brain and at the same time silencing of gelsolin lead to an increase in the Aβ fibrils 
in the brain1. A clinical significance of gelsolin was established when it was discovered that 
the amyloidogenic peptide in the familial amyloidosis-Finnish type (FAF) had a sequence 
corresponding to that of a part of the gelsolin protein9. Later it was found that this 
amyloidogenic peptide is a degradation product of gelsolin containing a point mutation 
resulting in amino acid substitution in the 187th amino acid17.  

Gelsolin has been explored in the recent past not only in Alzheimer’s disease but also in Lewy 
body diseases. It has been a decade since it has been shown that the Lewy bodies in human 
brain tissue of patients with Lewy body disease stained positive with an antibody raised 
against gelsolin amyloid fibrils33. It was possible to isolate Lewy bodies from the brain tissue 
using laser dissection microscopy.  Isolated Lewy bodies were shown to contain over a 
hundred of different proteins in addition to alpha-synuclein. Notably, gelsolin was one of 
them16. The finding of gelsolin in Lewy bodies has been confirmed in an additional study 
using mass spectrometry in conjunction with laser capture microscopy35. The role of all these 
proteins in relation to Lewy body diseases has not yet been established. Thus, it would be of 
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greatest interest to verify that gelsolin is part of the Lewy body and see how it affects alpha-
synuclein aggregation.

Aim

The aims of this project were to try to identify the presence of HNE- modified alpha-
synuclein in an alpha-synuclein overexpressing SHSY5Y cells that had been subjected to 
oxidative stress, and to try to see if gelsolin colocalised with alpha-synuclein in differentiated, 
alpha-synuclein overexpressing SHSY5Y cells. Further, I wanted to study if gelsolin has any 
effect on alpha-synuclein fibrillation in vitro, that is, to see if gelsolin inhibited or aided 
alpha-synuclein aggregation. Specifically, the effect of gelsolin on alpha synuclein 
aggregation in the presence and absence of calcium was tested. 
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Results

Size analysis of -synuclein and 4-hydroxy-2-nonenal in human neuroblastoma cells

The soluble part of the cytoplasm of human neuroblastoma (SHSY5Y) cells overexpressing 
alpha-synuclein was subjected to size exclusion high performance liquid chromatography 
(SEC-HPLC) separation. The resulting fractions were analysed by indirect ELISA using an 
anti-alpha-synuclein antibody (4B12) and an anti-HNE antibody, separately. Monomeric 
alpha-synuclein was used as positive control and phosphate buffered saline (PBS) as negative 
control. An alpha-synuclein peak was observed in fractions corresponding to 34-36 minutes of 
retention time, which was similar to that observed in SEC-HPLC when recombinant 
monomeric alpha-synuclein was analyzed (fig 3 a). There were signals in the earliest fractions 
corresponding to 14-21 minutes of retention time. In addition, an anti- HNE antibody also 
labelled the earliest fractions and the signals were similar to those of alpha-synuclein in terms 
of intensity and fraction number (fig 3b, c, and d below). Thus this suggested that there could 
be HNE modified proteins in the soluble fraction of the cell lysate.

Fig 3: Size analysis of proteins from SH-SY5Y cell lysates. After SEC-HPLC separation fractions were analyzed 
by indirect ELISA. (a) SEC-HPLC separation. Black, A30P cell lysate; green, A53T cell lysate; red, wildtype 
cell lysate; brown, recombinant alpha-synuclein monomer. (b)-(c): The fractions obtained from SEC HPLC were 
analysed by ELISA using anti-alpha synuclein antibody 4B12 (pink) and  anti-HNE antibodies 
(blue). Recombinant monomeric alpha-synuclein was used as positive control and PBS was used as 
negative control. (b) Wt cell lysate, (c) A30P cell lysate and (d) A53T cell lysate.

Identification of 4-hydroxy-2-nonenal modified alpha-synuclein
The presence of HNE-modified alpha-synuclein in cell lysates was examined by western blot 
analysis of proteins from cells treated with 1 µM HNE (fig 4). An in-house prepared HNE-
modified alpha-synuclein was used as positive control. Quite a high number of HNE-modified 
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proteins were observed in the cell lysate, indicating the need for a more specific method 
where I could reduce the background caused by using the whole cell lysate. Also, in addition 
to the alpha-synuclein positive band visible at 16 kDa (monomer), additional alpha-synuclein 
positive bands were observed which could be explained as some non-specific binding of the 
alpha-synuclein antibody.

Fig 4: Western blot analysis of alpha-synuclein in SH-SY5Y cell lysates. Cells were either treated with 1µM of 
HNE for 8 hours or with H2O2 for 44 hrs and subsequently lysed. Lysates of untreated cells were used as 
controls. Green, HNE-modified proteins (mouse monoclonal anti-HNE antibody); red, alpha-synuclein (C20-
rabbit polyclonal antibodies). Monomeric alpha-synuclein has a mass of 16 kDa (black arrow). MM implies 
molecular weight marker.

Immunoprecipitation of 4-hydroxy-2-nonenal modified proteins

In order to reduce the background of the different HNE-modified proteins seen when the 
whole lysate was used, and to further concentrate the samples, immunoprecipitation was used. 
This was done on cells that had been subjected to oxidative stress by treatment with either 100 
µM of H2O2 for 44 hr or 1 µM of HNE for 8 hr in order to enhance lipid peroxidation in the 
cells. The soluble and insoluble fractions of these oxidatively stressed cells were subjected to 
immmunoprecipitation using streptavidin beads coated with anti-HNE antibodies
(biotinylated goat polyclonal antibodies). The proteins attached to the beads and the lysates 
samples saved after concentrating the protein containing beads (SB) were analysed by western 
blot for the presence of alpha-synuclein (fig 5). Alpha-synuclein positive bands were observed 
in cell lysates of HNE-treated wt cells, untreated wt cells and in the lysate pellet of H2O2-
treated A53T cells. The bands corresponded to a polypeptide of 100 kDa in molecular weight. 
However, also monomeric alpha-synuclein used as negative control was labelled by the anti-
alpha-synuclein antibody.  The anti-alpha-synuclein antibody labelled two bands in all SB

samples - one corresponded to 15 kDa and the other corresponded to 100 kDa  (fig 5). 
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Fig 5: Analysis of immunoprecipitated HNE modified proteins with anti-alpha-synuclein antibody 4B12. 
Proteins in the soluble and insoluble lysates fractions of the cells that had been oxidatively stressed were 
immunoprecipitated onto streptavidin beads coated with biotinylated goat polyclonal anti-HNE antibodies. Lanes 
1 to 8, immunoprecipitated proteins, lanes 9-13, proteins not taken up by beads (SB) ; M: molecular marker. 
Lane1: loading buffer; 2: HNE modified alpha-synuclein; 3: recombinant monomeric alpha-synuclein; 4: PBS; 5:  
soluble fraction of  lysate of  HNE treated wt cells; 6: soluble fraction of  lysate of untreated wt cells; 7: soluble 
fraction of  lysate of H2O2 treated A53T cells; 8: insoluble fraction of  lysate of  H2O2 treated A53T cells; 9: SB  
of  soluble fraction of lysate of HNE-treated wt cells; 10: SB of soluble fraction of  lysate of untreated wt cells; 
11: SB of soluble fraction of lysate of H2O2 treated A53T cells; 12: SB of  insoluble fraction of lysate of H2O2

treated A53T cells; 13: loading buffer.  Monomeric alpha-synuclein is 15 kDa.

The results indicate the presence of HNE-modified alpha-synuclein in both the insoluble and 
the soluble fractions of the lysates of the oxidatively stressed cells as well as in the untreated 
cells. However, recombinant monomeric alpha-synuclein, which was to serve as negative 
control in the immunoprecipitation experiment set up, showed a positive band in the western 
blot analysis. The specificity of the anti-HNE antibody used for immunoprecipitation 
therefore was questioned.

Finally, immunocytochemistry was performed on H2O2-treated SH-SY5Y cells 
overexpressing A53T alpha-synuclein using both anti-HNE and anti- alpha-synuclein 
antibodies to investigate the presence of HNE-modified alpha-synuclein. The staining with 
the anti-HNE antibody was more or less a mirror image of that of the anti-alpha-synuclein 
staining (fig 6 below).

Fig 6: Immunostaining of oxidatively stressed SH-SY5Y cells overexpressing A53T alpha-synuclein with HNE 
and alpha-synuclein antibodies. The cells were treated with 100 µM H2O2 for 44 hr, fixed and stained with rabbit 
polyclonal HNE antibody (green) and mouse monoclonal anti-alpha-synuclein antibody LB509 (red). DAPI 
staining (blue) shows the nuclei of the cells. The yellow colour results from superimposed red and green 
fluorescence.

   1   2  M  3   4   5   6   7  8    M  9 10  11 12 13

˜100 KDa

˜15 kDa
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Gelsolin-alpha-synuclein co-localization 

The gelsolin protein was found to inhibit fibrillization of Aβ protein in Alzheimers' disease1, 24. 
It was also shown that gelsolin is a part of the Lewy bodies seen in dementia with Lewy body 
and Parkinson’s disease 16, 35. In order to see if gelsolin interacts with alpha-synuclein protein I 
performed a colocalization study. For this, I differentiated A53T alpha-synuclein 
overexpressing human nueroblastoma cells to nerve-like cells by treating them with retinoic 
acid for five days followed by treatment with brain-derived nerve factor (BDNF) and iron 
chloride for an additional 4 days. In order to stain the cells, I used a mouse monoclonal anti-
alpha-synuclein antibody together with a rabbit monoclonal anti-gelsolin antibody. The 
staining with the anti-alpha-synuclein antibody showed alpha-synuclein-positive Lewy body-
like inclusions in a subset of cells (fig 7). This was in accordance to a previous study  where it 
was shown that differentiation of alpha-synuclein-overexpressing SH-SY5Y cells leads to the 
aggregation of alpha-synuclein and the subsequent formation of inclusion-like structures that 
stain positive for alpha-synuclein and the amyloid specific dye thioflavin T (ThT)10. The 
number of inclusions per cell was mostly limited to one or two, usually found near the nucleus 
of the cell and in the neuronal extensions. A few of these inclusions displayed signals from 
the anti-gelsolin antibody (fig 7). 

Fig 7: Confocal microscopy images of immunostained A53T SH-SY5Y cells. The A53T alpha-synuclein 
overexpressing neuroblastoma cells were differentiated to nerve like cells by treatment with retinoic acid for five 
days followed by treatment with brain derived nerve factor (BDNF) and iron chloride for an additional four days. 
(a)- (d):  Staining of differentiated SHSY5Y cells (over-expressing A53T mutation of alpha-synuclein) using 
mouse monoclonal anti-alpha-synuclein antibody LB509 (green) and rabbit monoclonal anti-gelsolin antibody 
EPR 1941Y (red). White arrow heads indicate alpha-synuclein and gelsolin positive inclusion-like structures, (e): 
from top to bottom: DAPI nuclear staining (blue); alpha-synuclein staining; gelsolin staining; merged DAPI, 
alpha-synuclein and gelsolin staining.

(a) (b)

(c)

(d)

(e)
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Effect of gelsolin on alpha-synuclein aggregation in vitro

The immunocytochemistry results showed that gelsolin colocalizes with alpha-synuclein in 
Lewy body like inclusions seen in differentiated cells overexpressing alpha-synuclein. In 
order to investigate the role of gelsolin on alpha-synuclein aggregation, I used an in vitro
aggregation study. For this, I used samples containing recombinant monomeric alpha-
synuclein alone, alpha-synuclein together with calcium chloride, alpha-synuclein and gelsolin 
with and without calcium chloride and alpha-synuclein with bovine serum albumin (BSA) and 
calcium chloride. In all these samples ThT, which specifically binds to large array of beta-
sheets present in amyloid like proteins and gives a green fluorescence, was added. This 
fluorescence was used to study the aggregation of the protein sample mixtures. The 
aggregation study showed that there was a tremendous increase in the ThT fluorescence in the 
sample mixture containing alpha-synuclein together with gelsolin and calcium chloride. This 
increase was noted within 12 hours of incubation. The sample mixture containing alpha-
synuclein together with calcium and the one with alpha-synuclein, calcium and BSA showed 
an increase in ThT reading after 48 hr. It has been an observation from different experiments 
in the laboratory that alpha-synuclein alone aggregates in 72 hr and this was observed here as 
well, while alpha-synuclein together with gelsolin started showing the ThT signal between 48 
and 60 hrs (fig 8). 

Fig 8: Alpha-synuclein aggregation study in vitro using a ThT kinetic assay. Samples containing alpha-synuclein
(AS) alone and alpha-synuclein in combination with calcium chloride (Ca), gelsolin, Ca + gelsolin and Ca + 
bovine serum albumin (BSA) were incubated together with ThT on a shaker at 370C.  OD readings were taken 
every 12 hours. Increase in ThT signal indicated an increase in aggregation. 

The sample mixtures containing gelsolin and Ca together with alpha-synuclein were 
fractionated by centrifugation after 72 hr of incubation. The pellet and the supernatant 
samples were subjected to western blot analysis (fig 9). Both anti-alpha-synuclein and anti-
gelsolin antibodies were used for analysis of the resultant protein bands.  In the pellet a 16 
kDa band was positive for alpha-synuclein and a band around 90 kDa was positive for 
gelsolin. In addition, a band was observed around 100 kDa that was positive for both gelsolin 
and alpha-synuclein. Pure gelsolin gave a band at 90 kDa.  
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Fig 9: Western blot of the alpha-synuclein – gelsolin aggregate. Alpha-synuclein, gelsolin and calcium chloride 
were incubated for 72 hr and centrifuged.  Lane 1, molecular weight marker (MM); lane 2, gelsolin standard; 
lane 3, supernatant; lane 4, pellet .The membrane was analysed for both alpha-synuclein (red) and gelsolin 
(green). 
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Discussion

4-hydroxy-2-nonenal modified alpha-synuclein in vivo

Western blot analysis of lysates of cells subjected to oxidative stress showed the presence of 
HNE- modified proteins (fig 4). There was not much difference in the number of bands 
positive for HNE in lysates of untreated cells or lysates of oxidatively stressed cells. A 
previous study has shown that the mere overexpression of alpha-synuclein increases the 
amount of reactive oxygen species and thus leads to increased levels of oxidative stress in 
these cells12. HNE is generated as a result of a reaction of polyunsaturated fatty acids with 
reactive oxygen species. This could help explain the presence of HNE modified proteins in 
alpha-synuclein overexpressing wt, A30P and A53T cell lysates that had not been subjected to 
oxidative stress. 

The anti-HNE antibody, apart from recognizing alpha-synuclein species in treated samples, 
also recognized the recombinant alpha-synuclein monomer, which served as negative control 
in our experiments (fig 5; lane: 3). This batch of recombinant alpha-synuclein has given rise 
to false positive results in a different assay indicating that this batch of protein most likely 
contained contaminants that affected my assays in a negative way. Another possible
explanation would be unspecific binding with anti-HNE antibody as well.  This result makes 
one question the specificity of HNE antibody. The remaining results shown in fig 5 were 
equally contradictory. Although there was monomeric alpha-synuclein in the lysate (fig 5; 
lanes: 10, 11, 12) it was not taken up by the beads (fig 5; lanes: 6, 7, 8). This shows that the 
HNE antibody does not bind alpha-synuclein unspecifically. The 100 kDa band that were 
observed in cell lysates of HNE-treated wt cells, untreated wt cells and H2O2-treated A53T 
cells (fig 5; lanes 5, 6, 8) could be an oligomeric species of alpha-synuclein. Oligomeric 
species of alpha-synuclein do not necessarily have the same molecular weight as seen in this 
experiment, and the HNE antibodies are generally made against HNE-modified proteins and 
recognize just one amino acid of the epitope of the target protein. Thus, it is difficult to work 
with these antibodies. Nothing can be concluded from these results and more studies need to 
be done to verify the presence of HNE-modified alpha-synuclein in the lysates of cells 
subjected to oxidative stress.

Most of the HNE-modified alpha-synuclein in H2O2-treated A53T cells ended up in the pellet 
of the cell lysate (see fig 5; lane: 7, 8, 11, 12). This could mean either of the two things. First, 
it could indicate that the HNE- modified protein is comparatively insoluble. Second, the HNE 
modification could take place while alpha-synuclein is attached to the membrane and the 
protein thereafter remained attached to the membrane, ending up in the detergent-resistant 
membrane pool of proteins. In either case, alpha-synuclein would be pelleted along with the 
cell debris and nucleic acid material. It would be interesting to subject oxidatively stressed, 
alpha-synuclein overexpressing cells to sub-cellular fractionation and analyze the individual 
fractions containing membrane associated proteins for the presence of HNE-modified alpha-
synuclein. It would be particularly interesting to see the cellular fraction that contains lipid 
rafts – the specialised compact regions of the plasma membrane that are detergent insoluble 
and rich in cholesterol and sphingolipids. This would be of particular interest because it has 
been observed that alpha-synuclein is commonly found in this pool 14. 
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Co-localization of gelsolin and alpha-synuclein – what does it mean?

It was clear from my immunocytochemical data that some of the Lewy body- like inclusion in 
the differentiated SH-SY5Y cells overexpressing A53T alpha-synuclein showed signals for 
both alpha-synuclein and gelsolin (fig 7a-e).  This implies that the proteins co-exist in vivo.  
In an earlier study, Lewy bodies were isolated by laser capture dissection microscopy and the 
proteins present in them were analysed. Gelsolin was found to be an intrinsic part of the Lewy
bodies35. My study showed that the gelsolin not only is a component of Lewy body but also 
that it colocalizes with alpha-synuclein. However, immunoprecipitation of gelsolin from the 
cell lysate did not show any bands corresponding to alpha-synuclein (data not shown). The 
absence of evidence is not an evidence for its absence (by Dr. Carl Sagan). So, one 
explanation could be that they co-localize only in the Lewy body inclusions as seen in the 
immunocytochemistry results. This would mean that the analysis should be carried out in the 
Lewy body inclusions specifically. Also, cells not expressing gelsolin while overexpressing 
alpha-synuclein would be of interest to study with respect to alpha-synuclein positive 
inclusions.

The in vitro studies that were performed to investigate the effect of gelsolin on alpha-
synuclein aggregation showed that gelsolin together with calcium aided the aggregation 
process of alpha-synuclein (fig 8). This was noted in the first 24 hrs and the high ThT 
fluorescence value indicates that this could commence during the first 12 hrs of incubation. 
This is very rapid when compared to aggregation of alpha-synuclein alone, where it takes 72 
hrs for the aggregation to commence. The involvement of gelsolin was quite evident from the 
western blot results, where the fibrillar material was shown to contain both gelsolin and alpha-
synuclein (fig 9). In addition, a 100 kDa band containing both alpha-synuclein and gelsolin 
was observed. The presence of this band despite the reducing and denaturing conditions of the 
gel used for the western blot suggests that binding between alpha-synuclein and gelsolin was 
of covalent nature. Alpha-synuclein did not form fibrils that rapidly together with calcium 
alone (fig 8). The accelerated fibril formation in the presence of gelsolin required calcium. 
Calcium is suggested to have an effect on the gelsolin structure and thereby affecting its role 
in capping and severing actin molecules28. However, it is not clear how this structural change 
in gelsolin would enhance the aggregation of alpha-synuclein observed in this study.

It was observed that BSA together with alpha-synuclein also increased the rate of 
aggregation. It was not clear whether this was due to BSA alone or from BSA together with 
alpha-synuclein. BSA has been observed to aggregate under certain conditions, such as in the 
presence of metal ions like copper and zinc and better when heated21. So, it is quite possible 
that the signals observed were a seeding effect of BSA. By performing silver staining of the 
fibrillar material and observing the molecular weight of the bands it would be easy to 
determine whether or not BSA is part of the formed amyloid-like fibrils.
  
The effect of gelsolin on alpha-synuclein in vitro, is contradictory to the fibril clearing effect 
that gelsolin has on Aβ24. It is interesting to note that gelsolin has opposite effects on two 
different aggregating proteins of pathological significance. It would be of interest to study if 
gelsolin has the same effect on alpha-synuclein in vivo. Also, it would be of clinical 
significance to see what factors trigger the two opposite effects of gelsolin on Aβ and alpha-
synuclein respectively.
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Materials and Methods

Cells

SH-SY5Y cells are human neuroblastoma cells of human origin. Alpha-synuclein mutants 
A30P, A53T and wild type alpha-synuclein were expressed from pcDNA 3.1neo derived
plasmids. The cells were a kind gift from Dr Karin Danzer, Boehringer Ingelheim Pharma, 
Biberach, Germany.

Culturing and Lysis of cells

The SH-SY5Y cells were cultured in Dulbecco’s modified eagle medium (Sigma-Aldrich, St. 
Louis, MO) supplemented with 10% Fetal Bovine Serum (FBS), 1% antibiotics (10 mg/mL of 
streptomycin and 10,000 units of penicillin, Sigma) and 1% G418 salt (Sigma-Aldrich, St. 
Louis, MO) for selecting transfected cells. The cells were split every fourth day when the 
confluency of the cells reached around 80-90%. The cells were grown in CO2 incubator at 37
0C.
The 90% confluent cells were washed with 1X PBS (130 mM NaCl, 7 mM NaH2PO4, 3 mM 
Na2HPO4, pH 7.4) containing one tablet of protease inhibitor cocktail (PIC; Roche, Basel, 
Switzerland) and then were scraped off into 1 mL 1X PBS containing PIC. Cells were 
pelleted by centrifugation at 17,900 x g for one minute (Eppendorf, Hamburg, Germany). The 
supernatant was removed and the cells were lysed by adding 500 L of lysis buffer containing 
1X TBS (20 mM Tris-HCl, 137 mM NaCl, pH 7.6), Protease inhibitor cocktail and 1 % nonyl 
phenoxylpolyethoxylethol-40 detergent. Lysis was carried out for five minutes followed by
centrifugation at 20,800 x g for five minutes. The resultant supernatant was stored at -20 0C 
for future use.

Cell counting

Cells that were 90 % confluent were treated with 1 mL of 0.25 % Trypsin-EDTA (Sigma-
Aldrich, St. Louis, MO) and then incubated for three to five minutes in a 37 0C CO2

incubator.  The trypsinization was stopped by adding five mL of pre-warmed DMEM 
medium. The cells were then centrifuged at 1500 x g for five minutes. The supernatant was 
removed and fresh DMEM medium was added to the cell pellet. Ten micro litres of these cells 
were diluted to tenfold dilution in 90 µL of trypan blue (Sigma-Aldrich, St. Louis, MO) and 
then these cells were calculated in a counting chamber using light microscope.

Cell differentiation

The cells were cultured on 100 x 20 mm petri plates and on 3-well ADCELL labtek chambers 
(Thermo scientific, Waltham, MA) and were differentiated by adding of retinoic acid (Sigma 
Aldrich, St. Louis, MO) to 10 µM final concentration the day after cells were seeded. DMEM 
containing retinoic acid was added fresh every other day. This was done for six days and then 
the retinoic acid containing medium was removed. Serum-free medium with 50 ng/mL of 
brain-derived nerve factor (BDNF) (Millipore, Billerica, MA) and 100 µM of iron chloride 
(Sigma Aldrich, St. Louis, MO) was added to the cells. The medium was changed every other
day and the cells were maintained in BDNF and iron chloride for five days, after which they 
were used.
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Oxidative stress

Either hydrogen peroxide (Sigma Aldrich, St. Louis, MO) to 100 µM final concentration or 
HNE to 1 µM final concentration was added to differentiated cells and the cells were 
incubated for 24 to 72 h. The time of incubation depended on the number of cells that 
survived at the start of treatment. When excessive cell death appeared, the treatment was
stopped by fixing the cells in 4 % paraformaldehyde and 4 % sucrose. The same procedure 
was carried out on undifferentiated cells that had been cultured 24 h prior to treatment.

Size Exclusion-High performance Liquid chromatography (SEC-HPLC) 

Prior to loading the cell lysates onto the SEC-HPLC (La Chrom Elite, VWR international,
Stockholm, Sweden) column, insoluble particles were removed by centrifugation at 17,000 x 
g for 5 min through a 0.45 µm pore size spin filter (Corning Incorporated, Corning, NY). A
Superose 6 (GE Health Care, Uppsala, Sweden) column was used for the experiments. Five 
hundred microlitres of the cell lysate sample was loaded onto the column. Elution was carried 
out with 1X TBS and the flow rate of the column was set at 500 µL/min and the analysis was 
carried out for one hour. Fractions from the 13th minute to the 42nd minute were collected 
using a fraction collector (Bio-Rad, Hercules, CA). The collected fractions were either 
immediately added onto a high-binding polystyrene 96-well microtiter plate (Greiner BioOne, 
Frickenhausen, Germany) or stored at +4 0C until further use.

Immunocytochemistry

In order to seed cells for immunocytochemistry, either 3-welled ADCELLS (Thermo 
scientific, Waltham, MA) were directly used or 8-well polystyrene glass chambers (Nunc, 
Roskilde, Denmark) coated with 10 µg/well of poly-D-lysine + 5 µg/well of collagen were 
used. Neuroblastoma cells were counted and 104 cells per well were seeded on 8 welled, 
coated labtek and 2x104 cells per well were seeded on the 3-welled ADCELLS. The labteks 
were incubated in 37 0C CO2 incubator and these cultured cells were washed with pre-warmed 
serum free DMEM medium three times before fixing. The cells were then fixed for 30 min 
with ice cold, 4 % paraformaldehyde containing 4 % sucrose at room temperature. The cells 
were then washed three times with ice cold 1X PBS. The cells were then permeabilized by 
treatment with 0.2 % Triton X 100 for ten minutes, followed by washing with 1X PBS three 
times. The cells were then blocked for eight minutes by addition of few drops of background 
sniper (Biocare Medical, Concord, CA)-a universal blocking agent used for reducing 
nonspecific background staining. A final concentration 1 µg/mL of primary antibody was 
added to the fixed cells (see table 1) and samples were incubated at room temperature for one
hour. Then, three more washes with 1X PBS were carried out for 5 minutes each. The final 
incubation step was with an Alexa fluor-conjugated secondary antibody (table 1) for 30 min. 
Three five minute washes were performed with 1X PBS and the cells were mounted with 
Vecta shieldTM mounting medium containing DAPI (Vector laboratories, Burlingame, CA). 
The cells were studied under a DXMI200F Nikon fluorescent microscope (Nikon Instruments 
Inc., Melville, NY) and Zeiss meta confocal microscope (Zeiss, Jena, Germany).

Enzyme Linked Immunosorbent assay (ELISA)

Indirect ELISA: The collected SEC-HPLC fractions (150 µl) were coated on a polystyrene 
96 well microplate (Greiner Bio One, Frickenhausen, Germany) and the plate was incubated 
at +4 0C overnight. The wells were then washed in ELISA wash buffer (6.5 mM 
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NaH2PO4.H2O, 43.5 mM Na2HPO4, 0.3 M NaCl, 0.1 % Tween-20 and 0.0075 % Kathon - a 
preservative). The washing was done in a MRW strip washer (Dynex, Chantilly, VA), which 
was programmed to wash the wells 3 times. The wells were then blocked with blocking buffer 
containing 1 % bovine serum albumin, 0.15 % kathon in 1X PBS for two hours at room 
temperature and then washed again with wash buffer three times. This was followed by the 
addition of 100 ng/well of primary antibody (table 1) and incubation for two hours at room 
temperature. The unbound excess antibody was washed away with wash buffer three times. 
Finally, 10 ng/well of horse radish peroxidise (HRP)-conjugated secondary antibody (table 2)
was added and the wells were incubated for one hour at room temperature. This was followed 
by three times wash with washing buffer and addition of 100 µL/well of 
3,31,5,51,tetramethyl benzidine, the colorimetric substrate for HRP, in the dark. The wells were 
observed for change in colour. As soon as the negative controls started to develop colour the 
reaction was stopped using 100 µL/well of 1M H2SO4. The colour developed was then read in 
an ELISA plate reader (Molecular Devices, Sunnyvale, CA) at 450 nm using soft pro max 
software.

Immunoprecipitation

In order to pull out protein of interest from SH-SY5Y cell lysate, Dyna magnetic beads 
(Invitrogen, Carlsbad, CA) conjugated with either sheep anti-mouse IgG, sheep anti-rabbit 
IgG or streptavidin were used. For one µg of antibody (table 1), 9.8 X 106 beads were added 
and the solution was diluted up to 500 µL with 1X PBS and the contents were incubated 
overnight at +4 0C on a shaker. The following day the beads were separated from the 
antibody-containing solution using Dynal magnetic particle concentrator (Invitrogen, 
Carlsbad, CA). The solution was discarded and the beads were washed thoroughly in PBS. 
The cell lysate sample was then added to the beads. The suspension was diluted to 500 µL 
using 1X PBS and incubated on a shaker overnight at +4 0C. The following day the beads 
were concentrated using the Dynal magnetic particle concentrator and the supernatant (SB) 
was saved separately. The beads were then washed thoroughly with PBS. These beads were 
then loaded onto a gel for further analysis of the proteins attached.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis and western blot

Seven µL of loading buffer containing 10 % of 4X bromophenol blue (color marker), 86 % 
Laemli’s buffer (2 mL  99 % glycerol, 2 mL 20 % sodium dodecyl sulphate (SDS) , 1 mL 1 
M Tris-HCl) and 4 % 2-mercaptoethanol was added to 21 µL of sample. The samples were 
then boiled for five min on a heat block (Grant instruments, Cambridge, UK) and analysed on
10-20 % tricine denaturing gels (Invitrogen, Carlsbad, CA) using tricine buffer (0.1 M Tris, 
0.1 M Tricine, 0.1 % SDS) at 90 V for two hour. The separated proteins were electroblotted
(Biorad, Hercules CA) onto a methanol-soaked PVDF membrane (Millipore, Billerica, MA) 
at 45 V for two hr. The membrane was boiled for five minutes in 1X PBS and then blocked in 
Odyssey block (LI-COR Biosciences, Lincoln, NE) over night at + 4 0C. The following day 
the membrane was incubated with a primary antibody (table 1) for two hours at room 
temperature on a rocker. The incubation was followed by six washes of five minutes each in 
1X TBS containing 0.1 % Tween 20. The membrane was then incubated with secondary 
antibody (table 2) that was conjugated either to HRP or to red fluorescent infrared dye 680
(IRDye680) or to green fluorescent infrared dye 800 (IRDye800). The membrane was 
incubated for one hour and then washed in 0.1 % Tween 20 containing 1X TBS. Six five 
minute washes were performed. If HRP-conjugated secondary antibody was used, the 
membrane was incubated for five minutes in Super signalR west pico chemiluminiscent 
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substrate (Thermo scientific, Waltham, MA) and exposed to autoradiography film (GE Health 
Care, Buckinghamshire, UK). The film was then developed using CEA PRO processing 
machine (CEA AB, Strängnäs, Sweden). In the case of IRDye-conjugated secondary 
antibodies, the membrane was scanned on an Odyssey imaging system (LI-COR, Lincoln, 
NE). 

Thioflavin-T aggregation kinetic assay

Recombinant monomeric alpha-synuclein (BioArctic Neuroscience AB, Stockholm, Sweden) 
and bovine plasma gelsolin (Sigma Aldrich, St. Louis, MO) were mixed in 1:7 and 1:14 molar 
ratios. Separate mixtures of these proteins with and without 5 mM calcium chloride were 
prepared. Control mixtures of alpha-synuclein alone, alpha-synuclein with 5 mM calcium 
chloride and alpha-synuclein with BSA in 1:14 molar ratio together with 5 mM calcium 
chloride were prepared. To all these preparations, 1 mM of Thioflavin-T dye (Sigma Aldrich, 
MO, USA) was added to a final concentration of 10 µM and the total contents were diluted up 
to 100 µL using 1X TBS. The protein preparations were then transferred to a non-binding 
polystyrene 96-well plate (Greiner Bio One, Frickenhausen, Germany) and were incubated on 
a shaker at 370C for 3 days. ThT fluorescence was measured at 0 h, 24 h, 48 h and 72 h
intervals in Wallac victor2 1420 multilabel counter (Perkin Elmer, Waltham, MA) with 
excitation at 445nm and emission at 485 nm. The readings were taken after subjecting the 
plates to a brief spin at 800 x g for one minute (Eppendorf, Hamburg, Germany). 

Antibodies

The antibodies that were used are described in Tables 1& 2.

Table 1: Primary antibodies
Antibody Vendor Used in Concentra-

tion used
Goat polyclonal anti-
HNE antibodies

Abcam, Cambridge, MA Indirect ELISA 1 µg/mL

Biotinylated goat 
polyclonal anti-HNE 
antibodies 

Abcam, Cambridge, MA Immunoprecipitation 1 µg per 
9.8x106 beads

Mouse monoclonal 
anti-HNE antibody

R&D systems, 
Minneapolis,   MN

Western blot 1 µg/mL

Rabbit polyclonal anti-
HNE antibody

Alpha Diagnostics, San 
Antonio, TX

immunocytochemistry 1 in 500

4B12, mouse 
monoclonal anti-
alpha-synuclein 
antibody 

Abcam, Cambridge, MA Indirect ELISA
Immunoprecipitation

Western Blot

1 µg/mL
1 µg per 
9.8x106 beads
0.5 µg/mL

LB509, mouse 
monoclonal anti-
alpha-synuclein
antibody 

Santa Cruz 
Biotechnology, Santa 
Cruz, CA

Immunocytochemistry 2 µg/mL
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EPR1941Y, rabbit 
monoclonal anti-
gelsolin antibody

Abcam, Cambridge, MA Immunocytochemistry 0.8 µL/well

C-20 rabbit polyclonal 
anti-alpha-synuclein 
antibodies

Santa Cruz 
Biotechnology, Santa 
Cruz, CA

Western blot 1 µg/mL

Table 2: Secondary antibodies
Antibody Vendor Used in Concentra-

tion used
HRP-conjugated rabbit 
anti-goat IgG antibody

Thermo scientific, 
Waltham, MA

ELISA 160 ng/mL

HRP-conjugated goat 
anti-mouse IgG 
antibody

Thermo scientific, 
Waltham, MA

ELISA
Western blot

1 in 5000

IR800 dye-conjugated 
donkey anti-mouse 
IgG antibody

LI-COR Biosciences, 
Lincoln, NE

Western blot 200 ng/mL

IR680 dye-conjugated 
goat anti-rabbit IgG 
antibody 

LI-COR Biosciences, 
Lincoln, NE

Western blot 200 ng/mL

Alexa fluor 488-
conjugated goat anti 
mouse IgG antibody

Invitrogen, Carlsbad, CA Immunocytochemistry 8 µg/mL

Alexa fluor 594-
conjugated goat anti-
rabbit IgG antibody

Invitrogen, Carlsbad, CA Immunocytochemistry 8 µg/mL

Alexa fluor 594-
conjugated goat anti 
mouse IgG antibody

Invitrogen, Carlsbad, CA Immunocytochemistry 8 µg/mL

Alexa fluor 488-
conjugated goat anti-
rabbit IgG antibody

Invitrogen, Carlsbad, CA Immunocytochemistry 8 µg/mL
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